Nitrogen (N) fertilizers are needed to enhance maize (Zea mays L.) production. Maize plays a major role in the livestock industry, biofuels, and human nutrition. Globally, less than one-half of applied N is recovered by maize. Although the application of N fertilizer can improve maize yield, excess N application due to low knowledge of the mechanisms of nitrogen use efficiency (NUE) poses serious threats to environmental sustainability. Increased environmental consciousness and an ever-increasing human population necessitate improved N utilization strategies in maize production. Enhanced understanding of the relationship between maize growth and productivity and the dynamics of maize N recovery are of major significance. A better understanding of the metabolic and genetic control of N acquisition and remobilization during vegetative and reproductive phases are important to improve maize productivity and to avoid excessive use of N fertilizers. Synchronizing the N supply with maize N demand throughout the growing season is key to improving NUE and reducing N loss to the environment. This review examines the mechanisms of N use in maize to provide a basis for driving innovations to improve NUE and reduce risks of negative environmental impacts.
the soil, plant, and atmosphere in regulating N availability and uptake by plants [22] . Nitrogen is an essential nutrient for maize and a key determinant of grain yield, particularly through its role in photosynthesis and other biological processes such as absorption of water and minerals, vacuole storage, and xylem transport. However, N application is a great concern in maize production due to the negative effects of excess application on groundwater quality [23] . Mineral N fertilizers manufactured by the Haber-Bosh process can represent up to 50% of the operational cost in crop production, depending on the crop [24] . Comparatively, the overall cost of reduced N fertilizer requirements for grain crops due to crop rotation with legumes is just 4% to 71% of the cost of an equivalent amount of synthetic N fertilizer [25, 26] . Legumes can also increase the yield of subsequent grain crops and have a delayed N release compared to synthetic fertilizers [27, 28] . Therefore, it is environmentally beneficial to include legumes in cropping systems [20, 26] .
Nitrogen Use Efficiency in Maize
Cereal grains such as maize, rice (Oryza sativa L.), and wheat (Triticum aestivum L.) provide 60% to 94% of the world's nourishment [20, 29] . Among these, maize ranks second to wheat in global production, with 500 MMt produced annually on 130 million hectares [30] . Maize is used for livestock feed, biofuel, and human consumption [31, 32] , and global demand for maize is anticipated to increase by 16% by 2027, due primarily to a > 50% increase in consumption by livestock [33] .
Nitrogen accumulation in aboveground maize biomass typically increases as the N level in the soil increases [34] , and aboveground biomass can be reduced if the soil N supply is insufficient for crop demand [35] . Aboveground biomass production also influences maize N uptake potential [36] . Nitrogen accumulated in maize biomass is partitioned into grain and Stover, with luxury N uptake occurring when N supply exceeds the minimum requirements for maximum grain yield [37, 38] . Several factors can affect N uptake by maize, of which soil moisture, temperature, structure, and bulk density are most important [39, 40] . Thus, improvement in aboveground biomass production requires adequate N supply and uptake by maize.
Increases in maize grain yield are associated with increases in aboveground biomass [41] [42] [43] , and grain yield improvements are associated with increased harvest index [41, 44] . Harvest index is the ratio of grain to total aboveground biomass (grain, cob, and Stover) per unit area at physiological maturity [45, 46] . Harvest index of maize produced in favorable growing environments is about 50% [46] . High levels of harvest index in maize typically occur with intermediate values of total aboveground biomass relative to grain and decreases when individual plants are small (as with high plant density) or large (as with low plant density) [47] . Harvest index can increase with heterosis if the increase in kernel number is proportionately greater than that in total aboveground dry matter accumulation during the grain-filling period [48, 49] . Kernel number is related to dry matter accumulation [50] and partitioning during the periods of anthesis and kernel establishment [51, 52] .
Nitrogen use efficiency has two components: (i) the efficiency of crop uptake of applied N and (ii) the transformation efficiency of total aboveground crop N uptake to grain yield [53] . Nitrogen use efficiency in maize is multifaceted and rests on N availability in the soil and rhizosphere, and the utilization ability of the crop [22, 54] . This is complicated by the many soil and environmental factors that control the rates and products of N mineralization [55] . The use of soil N by maize involves numerous steps, including uptake, translocation, and remobilization ( Figure 1 ). This occurs during two phases: (i) the N assimilation phase and (ii) the remobilization phase [22, 38, 56] . During the N assimilation and remobilization phases, young roots and leaves are sink organs that efficiently absorb and assimilate inorganic N for amino acids and protein synthesis. Maize hybrids with delayed senescence have a greater ability to take up N during the grainfilling period since continued leaf activity stimulates uptake of N [78] . During the grain-filling period, a decline in N supply decreases dry matter partitioning to grain [79] . Maize genotypes with longer stay-green maintain leaf chlorophyll for a greater duration, which can increase grain yield by 10% to 12% [80] . Figure 1 The components of NUE include recovery efficiency of applied nitrogen (RE), physiological efficiency of applied nitrogen (PE), and agronomic efficiency of applied nitrogen (AE) [38] . The recovery efficiency of applied N reflects the efficiency of aboveground N uptake per unit of N applied and is closely associated with assimilation capacity and decreases at greater N supply [57] . Physiological efficiency is the efficiency by which N in aboveground plant tissues is converted to grain, and AE is grain yield per unit of N applied [58, 59] . High NUE in maize is a combination of high N uptake and high N utilization efficiency [60] . With a high level of N application, genetic differences in maize grain yield are mainly due to variation in N uptake [53] . Since RE in maize is commonly < 50% [17, 18] , there is a great opportunity to enhance maize RE and yield and reduce environmental impact [61, 62] .
Nitrogen Assimilation and Utilization by Maize
Nitrate and ammonium are the forms of inorganic N most greatly absorbed by the roots of maize [63] . In warm and moist conditions, ammonium is oxidized to nitrate in soils almost as rapidly as it is formed [64] . Thus, nitrate is usually the dominant form of plant-available N in soils [65] . Assimilated nitrate is stored in cell vacuoles, where it serves as a reservoir for N remobilization when N uptake declines [22] . This pool of nitrate is the major source of N that contributes to grain filling. The absorption of nitrate is a two-step process that involves a collective set of enzymes, namely nitrate reductase and nitrite reductase, which catalyze and activate the reduction of nitrate to ammonium. The reduction of nitrate to ammonium is the most limiting phase in N assimilation [66] . Nitrate reductase increases leaf nitrate quantity at initial growth stages, and therefore can be used as a selection criterion for maize genotypes with superior N absorption and grain yield [38, 67] .
Within plants, ammonium is incorporated into amino acids through glutamine synthetase and glutamate synthase [68] . These are the main enzymes that convert inorganic N to organic molecules for other metabolic activities [69] . Glutamine synthetase concentration is a key regulator of plant growth that is controlled by N accumulation in plants and can be used as an indicator of grain yield and to differentiate sink leaves versus source leaves [70, 71] . The transformation of glutamate to glutamine in leaves by glutamine synthetase is active in new vegetative tissues and is positively correlated with post-anthesis N uptake and negatively correlated with the percentage of N in grain from remobilization [72] . All assimilated N is directed through the processes catalyzed by glutamine synthetase, and nitrate accumulation catalyzed by nitrate reductase and glutamine synthetase is a key factor regulating NUE in maize [56, 67] .
Maize growth is dependent on the quantity of photosynthetically captured active radiation and the efficiency by which it is converted to aboveground biomass [73] . Enhanced photosynthetic capacity can contribute to greater biomass and grain yield [74] . The amount of intercepted photosynthetically active radiation is influenced by the size and architecture of the crop canopy [75] . The distribution of N within the canopy, with its significance for leaf and canopy photosynthesis, is a foremost factor regulating radiation use efficiency in maize [76] . Following anthesis, the rate of maize N uptake declines, and hybrids with greater N uptake have delayed leaf senescence ( Figure 1 ) and prolonged effective leaf area for photosynthesis [77] .
Maize hybrids with delayed senescence have a greater ability to take up N during the grain-filling period since continued leaf activity stimulates uptake of N [78] . During the grain-filling period, a decline in N supply decreases dry matter partitioning to grain [79] . Maize genotypes with longer stay-green maintain leaf chlorophyll for a greater duration, which can increase grain yield by 10% to 12% [80] . Figure 1 is a simple diagram illustrating the mechanisms of N use in maize.
Nitrogen Remobilization in Maize
Efficient N remobilization and leaf longevity are key features contributing to an improved yield of contemporary maize hybrids [81, 82] . The magnitude and duration of active leaf tissue affects N uptake and the quantity of N accessible for remobilization [77] . Remobilization of N is greater when post-anthesis N accumulation is less and is negatively correlated with leaf senescence [83] . Extended duration of leaf metabolic activity enhances the ratio of source leaves to sink leaves throughout the grain-filling period [81, 82] . When maize N uptake is sustained throughout the grain-filling period, less N is mobilized from vegetative organs, thereby increasing leaf area duration, delaying senescence, and enhancing dry matter accumulation ( Figure 1 ) [13] . High maize yield is attributed to the maintenance of photosynthate source and N uptake throughout the grain-filling period [84] . During maize reproductive growth, increasing and sustaining the capacity for N uptake in soils with low N supply is an avenue for improving NUE, and is dependent on the ability of the plant to supply the root system with the needed assimilates for root development and N uptake for sustained photosynthesis [85] . At a given level of N supply, increases in grain yield among maize genotypes are not always due to improvements in N assimilation and usage, but rather enhanced NUE as a result of a more effective N remobilization [86] .
Remobilization of N by maize early in the growing season contributes to vegetative development and formation of the reproductive sink capacity, which affects grain yield [87] . Improved synchrony between N supply and crop N uptake is key to enhancing NUE [88] . Shortage of N uptake due to physiological restraints can arise even when there is a large sink capacity for grain protein synthesis, resulting in N loss, enhanced remobilization of N from vegetative tissues to grain, and low NUE [89] . Relationships between N accessibility, late-season N uptake by maize, and remobilization of N are influenced by soil N supply [84, 90] . Low N supply following anthesis can lead to early leaf senescence since the development of grain requires more N than the maintenance of vegetative tissues [91] .
Maize hybrids with rapid early-season N uptake, efficient N remobilization, and complete leaf senescence can perform well in environments with low N supply late in the growing season, while hybrids that are proficient in late-season N uptake require conditions with greater soil N availability late in the growing season to optimize grain yield [80] . Maize hybrids with enhanced NUE have the capacity to achieve greater yield at a given level of N supply, particularly at low levels, through enhanced N uptake and more efficient translocation of N to grain [19, 91, 92] . There is an inverse relationship between N remobilization and N assimilation in maize, which results from a correlation between photosynthesis and N uptake [83] . Growing environments that are favorable for post-anthesis photosynthesis promote N uptake and are therefore associated with reduced N remobilization. When growing environments are unfavorable for photosynthesis, post-anthesis N uptake in maize is reduced; therefore, the quantity of N remobilization is positively associated with aboveground N content at anthesis, and grain N content is associated with the level of post-anthesis N uptake and assimilation [83] . Disparities in post-anthesis N uptake in grain are mainly due to differences in total aboveground maize N uptake following anthesis [93] .
During senescence, photosynthesis is reduced and translocation of carbohydrates to roots declines, contributing to a reduction in N uptake and an upsurge in N remobilization [94] . Genotypic differences in the photosynthetic rate at the cellular level of maize are associated with differences in N remobilization and can be used in breeding programs to improve NUE [95] . A substantial fraction of the N in maize leaf tissue is involved in photosynthetic processes, and the photosynthetic rate is closely associated with leaf N content [96] . The level of N remobilization from the stalk of maize is related to the level of N remobilization from leaves and N accumulation at flowering [97] . Following anthesis, leaf N content quickly declines due to remobilization to grain, especially in conditions with low N supply [98] . With greater soil N supply, there is generally no relationship between leaf N content and N remobilization [98] . Nitrogen supply from floral initiation to anthesis regulates kernel number and subsequently kernel weight [99] . Nitrogen uptake and remobilization are independently inherited traits, so favorable alleles could be combined when breeding for NUE [100] .
Nitrogen Nutrition Index
Nitrogen nutrition index defines the N status of a crop and is the ratio between aboveground N uptake and the critical N uptake required for maximum aboveground biomass. Aboveground N accumulation in maize occurs most rapidly from mid-vegetative growth until anthesis and then decreases until senescence [101] . During maize vegetative growth, the amount of structural tissues increases more rapidly compared to metabolic tissues, such that N content is greatest in young leaves [102, 103] . Nitrogen content in leaves declines as leaf area increases, demonstrating that N content depends on plant biomass [76, 104] . Optimal N fertilizer application in maize requires knowledge of the adequate N content for a given amount of maize biomass, along with a rapid and accurate method to determine N content and biomass [105] . Nitrogen nutrition index provides the critical N content for a given amount of biomass [106] .
Leaf and canopy N content in maize are positively correlated with their chlorophyll content and are indicators of photosynthetic ability [107, 108] . Canopy chlorophyll can be used to estimate canopy-level N content in maize [107] . However, at the canopy level, the estimation of chlorophyll and N content is much more challenging [109, 110] . There is a close relationship between leaf N content and maize grain yield [111] . Critical values or ranges of leaf chlorophyll meter readings in maize have been used to determine N deficiency to improve N management [112] [113] [114] . However, knowledge about the relationship between the N nutrition index and spectral canopy reflectance is limited [115] .
Grain Nitrogen Harvest in Maize
Nitrogen harvest index is the proportion of N in grain relative to total aboveground biomass and is an indicator of N translocation efficiency [116] . Nitrogen harvest index is not directly linked to grain yield [45] . However, grain yield and grain N content are important for assessing NUE and serve as selection criteria for breeding programs and N management practices [117] . Nitrogen harvest index is greater in maize hybrids that sustain a high rate of photosynthesis during the grain-filling period, leading to greater NUE [118] .
Nitrogen Supply
Nitrogen availability is one of the most significant constraints to crop growth [119] , and the application of N through mineral and organic fertilizers plays a vital role in sustaining crop production [12] . Nitrogen application can play a significant role in improving soil fertility [120] . Fertilization of N can increase grain yield and biomass in maize [121, 122] . The leading source of applied N worldwide is synthetic fertilizer, followed closely by livestock manure [123] [124] [125] . Application of livestock manure with a high carbon-to-N ratio can lead to N immobilization in the soil, thereby restricting maize N uptake and potentially yield in the short-term [126] . Soil organic matter can serve as a temporary sink for available soil N not utilized by maize to reduce N losses [127] . Organic fertilizers can lead to greater soil total N than mineral fertilizers after several cropping seasons [128, 129] , increase organic matter in soil, enhance soil porosity, and improve soil water holding capacity [130] , thereby enhancing maize growth and nutrient uptake [131] . Application of composted manure for maize production has been shown to produce less greenhouse gas emissions compared to mineral N fertilizer in maize cropland due to slower release of available N [126] . Additionally, the application of organic N (manure) has been shown to increase uptake of N, P, K, Ca, Mg, Zn, Fe, and Cu of maize grown on Alfisol soils compared to NPK [131] .
Mineral fertilizers can enhance maize grain yield and N uptake but also result in greater residual NO 3 − -N levels in the soil compared to organic fertilizers [132] . The application of mineral fertilizers can directly or indirectly cause changes to the chemical, physical, and biological properties of the soil [133] . The usage of mineral N, P, and K fertilizers can increase the availability of N, P, K, Ca, Mg, Fe, Cu, Mn, and Zn to maize [134, 135] . The application of Zn has been shown to facilitate the tasseling/silking of maize in combination with greater N doses [136, 137] . Magnesium stimulates a large number of enzymes in maize, can increase the rate of mineral N transformation into proteins [138] , and plays a key role in chlorophyll and the development of kernels in maize [139] . Potassium deficiency strongly affects N metabolism and photosynthesis in maize [140] . The application of inorganic N fertilizers has been associated with loss of soil organic carbon through enhanced respiration and greenhouse gas emissions [141, 142] . This loss reduces soil productivity and agronomic efficiency of applied N and changes the balance of N and carbon in soil in favor of greenhouse gas emissions [143] . However, there can be a positive collaboration between organic manures and urea as a N source [144] , and integrated organic and inorganic N application can lead to greater maize yield compared to sole application of organic or inorganic N sources [145] .
Due to changes in the form of N in the soil, maize NUE is low and rarely exceeds 60% [146, 147] . Nitrogen takes on nine different forms in the soil, conforming to different oxidative conditions (nitrate, nitrogen dioxide, nitrite, nitric oxide, nitrous oxide, dinitrogen, ammonia, ammonium, and organic N) [148] . Nitrogen mineralization is the conversion of organic N to inorganic forms, immobilization is the uptake or assimilation of inorganic forms of N by microbes and other soil heterotrophs, nitrification is the conversion of ammonium to nitrite and then nitrate, and denitrification is the conversion of nitrate to nitrous oxide and then dinitrogen gas [148] . Most of the N in the soil originates as dinitrogen gas, and this inert N cannot be used by plants until it is transformed to ammonium or nitrate [149] . Investigations using ion-selective microelectrode methods demonstrated that maize absorption is suppressed from the root apex to 60 mm behind the root apex when ammonium and nitrate are both supplied at the same time [150] Mineralization of N is influenced by several factors, including the source and carbon-to-N ratio of organic material, soil texture, temperature, water content, and pH, the microbial community, and agronomic practices [151] . Mineralization of organic amendments intensifies available N and, depending on the timing of mineralization, crop requirements for N, and sources and amounts of applied N can be a key component of an integrated N management approach to achieve high NUE while minimizing N loss [152] . However, accurate estimation of N mineralization from soil and organic sources of applied N is challenging due to the large number of site, environmental, and agronomic factors influencing it [153] . Integrated application of organic and mineral fertilizers at appropriate rates can be an effective strategy for improving maize N uptake and yield [154] [155] [156] .
Maize Adaptation to Low Nitrogen Supply
Nitrogen supply affects root mass and morphology, which are important for acquiring spatially heterogeneous N in soil, particularly for newly mineralized N [157] . There is a close relationship between root length and N accumulation in maize seedlings [158, 159] . Root size is vital for N uptake over the entire growth period of maize, but the initial establishment of a large root system is indispensable [159] . In response to low N supply, maize develops a greater root-to-shoot ratio and undergoes a slower rate of phenological development, with a greater proportion of root biomass enhancing the absorption capacity of N [160] .
At the same quantity of accumulated N, maize genotypes with enhanced NUE typically allocate a greater proportion of N to the root system and develop a greater root system compared to less efficient genotypes [161] [162] [163] . This may be related to their capacity to sustain root development after anthesis, especially under conditions of low N supply [164] . Grain yield of maize is influenced by N supply, level of N uptake, and capacity to effectively partition N to grain during the grain-filling period [165] . High-yielding maize hybrids typically have greater yield response to the N application rate than low-yielding hybrids [19] . Sustainable post-anthesis uptake of N and maintenance of green leaf area until maturity are key traits of maize hybrids with high yield potential [166] . These traits are especially important for root longevity and N uptake in conditions of low N supply [166, 167] .
The efficiency of maize to utilize soil N depends on its ability to acquire, utilize, and translocate N, which is influenced by root morphology and the biochemical and physiological processes involved in nitrate assimilation [168] . Nitrogen uptake efficiency (total aboveground N accumulation at a given level of N supply) is separated into constituent traits, which describe root characteristics associated with genetic variation in N uptake [169] . Root tissue that is active in N acquisition, and the absorption rate per unit of root mass, influence the rate of N uptake, and both component traits differ genetically [169] . Morphological development of the root system affects the processes involved in nitrate acquisition [169] . Differential lateral root development between genotypes affects the translocation of solutes from the root system [170] , as there is greater activity of nitrate reduction in root apices compared to basal parts [171] .
Strategies to Improve Nitrogen Use Efficiency in Maize
Improvement in maize grain yield since the 1930s has been one of the greatest achievements in agriculture [46] . High NUE is critical for sustainable maize production [151] , but globally, maize RE is only about 35% to 55% [61, 62] . There is an opportunity to increase the NUE of maize through enhanced understanding of the mechanisms of N use to guide appropriate N application. Nitrogen use efficiency in maize is affected by soil N supply; hence, understanding the factors influencing N absorption, assimilation, and mobilization are key to increasing NUE to circumvent excessive N application and the subsequent negative environmental impacts (Figure 1) [172] . Increasing N supply results in reductions in all indices of NUE (i.e., RE, PE, and AE) [173] . One strategy to reduce N losses is to increase NUE through management practices to enhance the synchrony between N supply and crop demand throughout the growing season [174] [175] [176] . It is also important to recognize the critical stages of maize phenological development that are associated with NUE [125] . Further research should be conducted to assess the effects of the different fertilizer types on the mechanisms of N use in maize.
Since the maize harvest index is already high, increasing N uptake, aboveground biomass, and grain yield are paths to increasing NUE [177] . Developing hybrids capable of taking up more N or utilizing assimilated N more effectively can improve NUE, while knowledge on the physiology and genetics of N uptake and utilization is critical for the development of N-efficient hybrids [19, 38, 54] . Nitrogen use efficiency is controlled by a complex set of interactions among genotype, growing environment, and agronomic management [20, 178] . Therefore, more extensive screening of a wide range of genotypes covering genetic diversity is needed to identify specific elements controlling NUE and productivity [38, 178] .
Sustainability is founded on the standard that present needs are met without compromising the needs of the future. Integrated collaboration between public and private sectors will improve the understanding and management of the biological and agronomic factors controlling NUE [20] . This will require a multidisciplinary approach, integrating expertise from crop developmental biology, physiology, genomics, genetics, breeding, simulation modeling, and agronomy [179] . Therefore, rigorous collaboration among stakeholders (i.e., environmental agencies, policy-makers, researchers, farm advisors, and farmers) and skillful implementation of indicators and guidelines are needed to improve NUE in maize production [180] . 
